Abstract. Global climate change can have impacts on characteristics of rainfall-runoff 8 events and subsequently on the hydrological regime. Meanwhile, the catchment itself 9 changes due to anthropogenic influences. However, it is not easy to prove the link 10 between the hydrology and the forcings. In this context, it might be meaningful to detect 11 the temporal changes of catchments independent from climate change by investigating 12 existing long term discharge records. For this purpose, a new stochastic system based on 13 copulas for time series analysis is introduced in this study. 14 A statistical tool like copula has the advantage to scrutinize the dependence structure of 15 the data and, thus, can be used to attribute the catchment behavior by focusing on the 16 following aspects of the statistics defined in the copula domain: (1) Copula asymmetry, 17 which can capture the non symmetric property of discharge data, differs from one 18 catchment to another due to the intrinsic nature of both runoff and catchment. (2) Copula 19 distances can assist in identifying catchment change by revealing the variability and 20 interdependency of dependence structures. 21 These measures were calculated for 100 years of daily discharges for the Rhine rivers 22 and these analyses detected epochs of change in the flow sequences. In a follow-up study, 23
Introduction 32
In order to understand the water cycle behavior of a region, it is important to determine its characteristics, 33 but this is difficult to achieve due to the diversity of the system response at different time and space scales. 34
In particular, temporal variability makes parameter estimation difficult and the assessment of model 35 uncertainty essential. As a part of the endeavor to understand the hydrological system, the objective of this 36 research, assessing the anthropogenic impacts on the catchment characteristic independent of the climate 37 change, is therefore important, yet hard to accomplish. 38
The first possible approach is to statistically test the existence or change of trend in hydrological time 39 series which can be related to climate changes or anthropogenic impacts. Mann-Kendall's Test was 40 performed to confirm the existence of a trend in the annual discharge, precipitation and sediment loads, 41 then the human intervention and climate impacts based on the available information of the catchments 42 were discussed (Wu et al., 2012 ). Pettitt's Method (Pettitt, 1979) can be used to detect the time point of 43 trend alternation and analyze the impacts based on a double mass curve (Gao et al., 2012) or a 44 hydrological model (Karlsson et al., 2014) . These non-parametric methods for detecting the signal seem, 45 however, not capable enough of explaining when and how much the system had changed, thus making it 46 still difficult to relate the change due to human activities.
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On the other hand, runoff events are initiated by precipitation then modified by the state and physical 48 features of the catchment. This implies that the integrated information of catchment status might be 49 retrieved by analyzing the discharge time series itself. Focusing on this property, the attempts can be made 50 for capturing the temporal dependence structure of runoff by time series models. The classical time series 51 model, autoregressive integrated moving average (ARIMA), is designed to describe a stationary stochastic 52 process based on the temporal correlation structure of Gaussian random variables (Box and Jenkins, 1976) . 53
However, the stationarity of the data is not guaranteed in reality, thus a number of alternative approaches 54 have been suggested. While the application of Fourier analysis is basically for stationary process, the 55 analysis using empirical mode decomposition (Huang et al., 1998) overcomes the restriction of stationarity 56 by allowing the frequency and local variance of a time series to vary within a component and to separate 57 the signals adaptively by scale. Autoregressive Conditional Heteroskedasticity (ARCH) models lose the 58 assumption of stationarity to a certain extent so that variance is not constant, however models the variance 59 in a similar way to ARIMA. Although inventions and efforts to overcome the limitation of stationarity 60 have been made, it seems still inadequate to model dynamic changes of hydrological processes with these 61 time series models. 62
Alternatively there is a statistical concept, the copula, which has advantages to model the multivariate 63 dependence independently from marginals and recently adopted in the field of hydrology. A Copula (Sklar, 64 1959 ) is a multivariate probability distribution designed to flexibly model dependence structure in the 65 uniform (quantile) domain. The use of copulas in hydrology can be found for the assessment of extreme 66 events by considering flooding as a joint behavior of peak and volume (De Michele and Salvadori, 2003) . 67
Copulas have been applied to describe the spatio-temporal uncertainty of precipitation (Bárdossy and 68 Pegram, 2009) or the inhomogeneity of groundwater parameters (Bárdossy and Li, 2008) . Asymmetry of 69 dependence in a time series can be tested in the framework of a finite state Markov chain's transition 70 probability matrix (Sharifdoost et al., 2009 ). Dissimilarity measures can be defined by means of a copula 71 modelling the correlation structure of pairs of discharge time series in order to identify the similarity of 72 4 catchments with the purpose of transferring catchment properties from one to the other (Samaniego et al., 73 2010) . We aim at utilizing copulas as an alternative to classical time series models and an efficient tool for 74 time series analysis to overcome these hydrological challenges. 75
The main interest of this study is to assess the human intervention and climate change impacts on 76 hydrological regime for the strategy of future development in the region. For achieving this goal, 7 daily 77 discharge gauging stations in South-West Germany (Fig. 1) The following are the novel aspects introduced in this study: (1) The catchment characteristics are 84 defined based on copulas and estimated from discharge data. Also the changes of catchment characteristics 85 are investigated by tracing the temporal change of these statistics. (2) A method to model systematic 86 changes of dependence structure with the help of copulas is suggested, then its variability and 87 interrelationship with the time series are examined. (3) Anthropogenic impacts are assessed by the 88 discharge -precipitation relation using API and a hydrological model with copula based measures. 89
This article is divided into five sections. After the introduction, the basic methodology for applying 90 copulas to discharge time series is introduced in the second section. Thirdly, the measures of asymmetry in 91 copulas are defined and estimated for the discharges of the River Rhine and other catchments. The 92 determination of the temporal change of the asymmetry of the copulas is treated in the third section as well. 93
In the fourth section two topics are treated: (i) the analysis based on copula distances for the observed 94 discharges and (ii) the comparison of observed discharge with API (Antecedent Precipitation Index) time 95 series and simulated discharge time series with a hydrological model. The conclusion is given in the fifth 96 section. 97 5
Methodology 98
In this section, the application of copulas to time series is articulated after a brief introduction. The very 99 basics about copulas are presented here ; further information can be obtained from (Joe, 1997) or (Nelsen, 100 2006) . 101
Basic Methodology 102
In probability theory and statistics, a copula is a multivariate probability distribution for which the 103 marginal probability distribution of each variable is uniform. 104
Any multivariate distribution can be described by a copula and its marginal distributions as was proven by 107 Sklar's theorem (Sklar, 1959) : 108 ,..., ,..., ...
The advantage of using copulas is that the marginal is detached from the multivariate distribution and 113 the dependence structure can be examined in the uniform compact domain for different types of data. 114
Basic Hypothesis of Temporal Copulas 115
For the application of copulas to time series analysis, a stochastic system should be presumed to be 116 similar to the case of spatial copulas (Bárdossy and Li, 2008) 
,, 
Thus, a 2-dimentional autocopula for stochastic time series is a function of time lag k for the set
 
Sk 125 similar to the case of spatial copula (Bárdossy and Li, 2008) : 126 
are asymmetry functions corresponding to 140 asymmetry1 and asymmetry2 respectively. Ak. This illustration provides the insight that asymmetry can 151 be related to the shape of a unit hydrograph as well as the notion that asymmetry might be used for 152 advanced modeling of hydrological time series. 153 154
Asymmetry and catchment characteristics 155
Asymmetry functions can be considered as statistics calculated from the observed discharge time series 156
and an important assumption can be made: "assymetry2 is related to catchment characteristics". This idea 157 8 will be discussed and demonstrated in this section. small time lags k (day) and the notion that asymmetry2 can be related to the shape of the hydrograph, and 172 therefore the characteristics of the runoff and catchment. In addition, it can be said the annual cycle in Fig.  173 4 is not symmetric in the same sense a hydrograph is not symmetric. 174
The change of
Ak with time lag k is now discussed. The point is that these statistics for small time 175 lags k can be more related to the catchment and rainfall characteristics of the region, while asymmetry for 176 larger time lags k can capture the inter-seasonal characteristic of the climate in the region. 177
In order to reduce such seasonal impacts on the analysis of hydrological time series, deseasonalization 178 measures can be applied, for example, for daily stream flow (Grimaldi, 2004) . Adopting Grimaldi's 179 method, all the time series are normalized in this study. 
The question is whether they are really related to catchment characteristics. Now, these statistics 204 This result demonstrates that the information extracted from discharge is related to the basic information 210 of its catchment to a certain extent. Since the principal objective is to assess anthropogenic impacts, the 211 idea introduced now is to use this measure for evaluating the catchment change by calculating 212 chronological changes of 2,min A . 213
Time Series Analysis with Asymmetry 214
Temporal change of asymmetry2 is defined   2 , A k t on the set representing a moving time window of size 215
where ,,
Ak and lag k at the at time t are 219 given by 220
222 Figure 7 shows the temporal changes of  
2,min
At with window size 3000 w  (days) for 7 gauging 223 stations in southwest Germany in addition to the confidence interval calculated for 100 times 224 independently generated Gaussian process. 225
The comparison of  
At from observed discharges with  
At from a Gaussian process exhibits 226 (i) the influence of asymmetry in discharge is significantly large as was seen in Fig. 5, ( ii) The fluctuations 227
At of 7 observed discharge time series appear to be bigger than the one calculated for a 228 realization of a Gaussian process and (iii)  
At of these 7 discharge records shows a similar trend: 229 there are big drop-downs around 1945 and after 1980 for all the discharges. 230
However, it cannot be ascertained whether this is caused by the simultaneous change of the catchments, 231 the long term meteorological behavior in the region or just randomness in the stationary process. To 232 overcome this, temporal behavior of discharge and temperature were first checked by calculating the mean, 233 the standard deviation and the minimum of discharge and temperature in a time window centered on time 234 t defined by 235 Ak is rather obscure.
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What seems to be a useful outcome from the above exploratory analysis is that (i) the behavior of As an alternative to copula asymmetry, which emphasizes the behavior in the corners of copulas, copula 248 distance is here suggested so that the characteristic behavior can be captured in the entire domain of the 249 copula. Calculating this for each time step for different time series and comparing them hopefully exhibits 250 the changes of dependence structure and therefore the catchment change. 251
Introduction of Copula Distance 252
The basic idea behind the copula distance is to apply the Cramér-von Mises type distance 253
which by design measures the goodness of fit between two distribution functions to two copulas. This type 255 of distance was tested to measure the difference between empirical and theoretical copulas in the bootstrap 256 framework for the evaluation of spatial dependence of ground water quality (Bárdossy, 2006) . For the 257 analysis of time series data, it still needs to be carefully thought out how (and which) copulas should be 258 chosen. 259
Introduction of Copula Distance to single time series 260
In order to apply the concept of copula distance to time series, the adoption of two copulas in different 261 time scales is considered. An empirical copula can be obtained from an entire time series which contains 262 the averaged information of all the time points (global copula). Another empirical copula can be obtained
clear, two sets containing pairs of ranked values with different time scales are specified. 265 Second, copula distance type2 is introduced for indicating the point at which the structure of copulas starts 281 to change. For this method, the distance between two local copulas is calculated at two instants: 282 Also the confidence interval of the Gaussian process is clearly smaller than the observed one. This 301 indicates the copula distances of the stationary process are small while the nature process is non-stationary 302 and its dependence structure is more varying. 303
For copula distance type1, the global copula can be considered as an average state of the copula, while 304 the local copula can be regarded as a realization of a possible state of a copula at time step t. This concept 305 15 can be comparable to variance and leads to a new measure, copula variance, which is the summation of 306 copula distances between global and local copula over the time. Table 1 shows the variance and copula variance calculated for the 4 discharge data. The result 309
demonstrates that copula variance of the time series can be higher, even if the conventional variance is 310 lower for example in case of Maxau. 311
Copula Distance for two time series 312
In the previous section, copula variance was defined as a measure of the variability characteristic of the 313 copula itself. Here, it is determined whether covariance can be defined for two copula densities ( , , ) ... , , . and its derivation can be found in appendix A. In Table 2 , these copula based 342 statistics are compared with ordinary statistics. For example, Cochem and Plochingen are located remotely 343 in different tributaries, thus covariance and correlation are lower than the others, but copula covariance and 344 copula correlation are not the lowest. 345
The measures using copula distance are different from the conventional statistics. This behavior can be 346 explained by the fact that the autocopula has more substantial information about temporal dependence 347 structure than the autocorrelation. Using these measures might enable us to take advantage of a different 348 way of seeing the dependence between time series. 349
What is new in the analysis of this section is that (i) measures based on copula distance show the 350 different properties of time series in comparison to conventional statistics and (ii) there are significant 351 signals of copula distances for certain time periods in common to all the discharge data. 352
Copula based Stochastic Analysis with API and a Hydrological Model 353
The difficulty of analyzing discharge time series in order to detect catchment change is that it is not clear 354 whether the temporal change of stochastic information is caused by catchment change or merely by 355 random behavior of precipitation. To gain an understanding of this process, we attempted to eliminate the 356 influence of precipitation using, first, an Antecedent Precipitation Index (API) for comparison with 357 discharge, second, using a hydrological model with the parameter sets calibrated and fixed for the entire 358 simulation time period. 359
Copula Distance Analysis with API 360
An API time series, which is generated from observed precipitation time series and behaves similarly to 361 discharge, is used instead of precipitation. 362
where   Pt is daily precipitation (mm/day),   t API is time series of API (mm/day) and α = 0.85 was 364 chosen. The assumption for this method is that the API time series has the stochastic information purely 365 originated from the precipitation, while observed discharge is influenced by both catchment and 366 precipitation characteristics. If the stochastic information derived from these two data sets is the same, this 367
indicates that the stochastic turbulence is originating from precipitation; otherwise the change is from the 368 catchment. 369 For further verification, copula distance type3 and type4 between discharge and API time series were 386 calculated as shown in Fig. 15 . This result also shows there is no clear relation between API and discharge 387 time series around 1982. 388
Copula based analysis with a hydrological model 389
In this section, simulated discharges time series are generated by a conceptual hydrological model, HBV 390 (Bergström 1976 ; Bergström, Singh, and others 1995), which takes daily precipitation and temperature 391 records as input and simulates discharges for smaller catchments as an example of discharge, to compare 392 with observed discharge, in order to check if differences might occur due to the method. 393
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Thus the idea behind this methodology is similar to the case of API: a hydrological model with the 394 parameters fixed for the entire time period represents the catchment not influenced by anthropogenic 395 impacts. Then, the discharges simulated by this model should not depend on catchment change, while 396 observed discharge is assumed to be influenced by both catchment and precipitation. 397
For the study area, the Upper Neckar Catchment was chosen as shown in Fig. 12 . One parameter set 398 needed for this model constitutes of 13 parameters which are calibrated based on the Nash-Sutcliffe model 399 efficiency coefficient using the simulated annealing algorithm for the period between 1960 and 2000. Then, 400 30 parameter sets are independently calibrated in total and, subsequently, 30 simulated discharges time 401 series are generated to compare with one observed discharge. 402 Figure 16 shows the result of copula based analysis calculated for single time series 403 A has a certain relation especially with the size of catchments and this strengthens the notion that 426 asymmetry2 of discharge data can be used to describe the catchment characteristic and state. 
(left) and 575 for 7 discharge records and, for comparison, confidence 596 intervals calculated from the Gaussian process (90% confidence interval with grey color and 60% 597 confidence interval with dark grey color) and one of its realizations (dashed line) 598 (second), copula distance type3 (third) and copula distance type4 (bottom). The arrows indicate the years 621 in which anomalies are detected in the previous analysis (Fig. 11 ) 622 anomalies are detected in the previous analysis (Fig. 11 ) 625 
